Rationale Recent evidence indicates that the hypocretin/ orexin system participates in the regulation of reinforcement and addiction processes. For example, manipulations that decrease hypocretin neurotransmission result in disruptions of neurochemical and behavioral responses to cocaine. Objectives To further assess the relationship between the hypocretin system and cocaine reinforcement, the current studies used microdialysis and in vivo voltammetry to examine the effects of hypocretin 1 on cocaine-induced enhancement of dopamine signaling in the nucleus accumbens core. Fixed ratio, discrete trials, and progressive ratio self-administration procedures were also used to assess whether hypocretin 1 promotes cocaine self-administration behavior. Results Infusions of hypocretin 1 into the ventral tegmental area increased the effects of cocaine on tonic and phasic dopamine signaling and increased the motivation to selfadminister cocaine on the discrete trials and progressive ratio schedules. Conclusions Together with previous observations demonstrating that a hypocretin 1 receptor antagonist disrupts dopamine signaling and reduces self-administration of cocaine, the current observations further indicate that the hypocretin system participates in reinforcement processes likely through modulation of the mesolimbic dopamine system.
Introduction
The hypocretin/orexin (HCRT) peptides (HCRT-1 and HCRT-2) regulate arousal-related processes including sleep/wake function and locomotor activity (Bourgin et al. 2000; España et al. 2001 España et al. , 2002 Hagan et al. 1999; Piper et al. 2000) . Amassing evidence also indicates that the HCRT system regulates the reinforcing effects of various drugs of abuse including cocaine. For example, the HCRT1 receptor antagonist, SB-334867, decreases the motivation to selfadminister cocaine across multiple self-administration procedures (Borgland et al. 2009; España et al. 2010) , blocks reinstatement of cocaine-seeking (Aston- Boutrel et al. 2005; Harris et al. 2005; Smith et al. 2009 Smith et al. , 2010 , and decreases behavioral sensitization to cocaine (Borgland et al. 2006) . It is likely that HCRT regulation of cocaine reinforcement processes involves actions on mesolimbic dopamine (DA) systems. Indeed, HCRT neurons provide moderate innervation of the ventral tegmental area (VTA), where both HCRT 1 and 2 receptors are found on DA neurons (Fadel and Deutch 2002; Marcus et al. 2001; Narita et al. 2006; Peyron et al. 1998) . Furthermore, HCRT induces burst and/or tonic firing of DA neurons in the VTA and regulates cocaine-induced changes in glutamatemediated excitatory drive of DA neurons (Borgland et al. 2009; Korotkova et al. 2003) . Consistent with this, SB-334867 attenuates cocaine-induced increases in both tonic and phasic DA activity and reduces the effects of cocaine on DA uptake inhibition . Similar results are observed in HCRT knockout mice, in which reduced baseline DA uptake rates and reduced DA responses to morphine and cocaine are observed Narita et al. 2006) .
To further explore the involvement of HCRT systems in the regulation of tonic and phasic DA signaling, the current studies used microdialysis and in vivo voltammetry to examine whether HCRT-1 infusions into the VTA augment the effects of cocaine on DA signaling within the nucleus accumbens (NAc) core. Rats were also tested under a fixed ratio (FR), discrete trials (DT), or progressive ratio (PR) self-administration procedure to assess whether central HCRT-1 infusions augment cocaine self-administration.
Materials and methods

Animals
Male Sprague-Dawley rats (375-450 g, Charles River, Wilmington, MA) had ad libitum access to food and water and were kept on a reverse 12:12 h light/dark cycle (lights on at 3:00 pm). All protocols and animal care procedures were in accordance with the National Institute of Health Guide for the Care and Use of Laboratory Animals (NIH Publications No. 80-23, revised 1996) , and approved by the Institutional Animal Care and Use Committee at Wake Forest University Health Sciences.
Surgery
Rats used for microdialysis experiments were anesthetized using ketamine (100 mg/kg) and xylazine (10 mg/kg) and placed in a stereotaxic apparatus. Guide cannulae for microdialysis probes (CMA/Microdialysis, Stockholm, Sweden) were aimed at the NAc core (+1.6 A, ±1.6 L, −6.0 V) and 26-ga guide cannulae (Plastics One, Roanoke, VA) for HCRT-1 infusions were inserted 4-mm dorsal to the VTA (−5.3 P, ± 2.0 L, −3.5 V; 8°from vertical). Rats received post-surgical antibiotic (Neo-Predef, Pharmacia and Upjohn Co., New York, NY) and analgesic (Ketoprofen, Webster Veterinary, Sterling, MA) and recovered for 48 h prior to testing. Microdialysis probes (membrane length 2 mm; CMA/Microdialysis) were inserted approximately 16 h prior to the beginning of sample collection and extended 2 mm beyond the cannula tip.
Rats used for voltammetry experiments were anesthetized with 1.5 g/kg i.p. urethane and implanted with an intravenous (i.v.) catheter. Rats were placed into a stereotaxic apparatus and implanted with a bipolar stimulating electrode affixed to a 26-ga guide cannula (Plastics One) aimed at the VTA (−5.3 P, +1.0 L, −7.2 to −7.6 V). Stimulator leads were separated by 1.0 mm and the cannula tip ended 2.0 mm dorsal to the leads. A carbon fiber microelectrode was implanted within the core of the NAc (+1.3 A, +1.3 L, −6.5 to −7.0 V) and a reference electrode was implanted in contralateral cortex (+2.5 A, −2.5 L, −2.0 V).
For both the microdialysis and voltammetry studies, DA changes were measured in the NAc core based on extensive data indicating that this area of the NAc is involved in cocaine seeking behavior (Ito et al. 2000; Ito et al. 2004; Knackstedt et al. 2010; McFarland and Kalivas 2001; Mogenson and Yang 1991) and that blockade of HCRT 1 receptors reduces cocaine-induced changes in DA signaling in this region .
Rats used for self-administration experiments were anesthetized using ketamine (100 mg/kg, i.p.) and xylazine (10 mg/kg, i.p.) and implanted with an i.v. catheter and guide cannula aimed 2 mm dorsal to the lateral ventricle for the FR and DT experiments (+0.8 A, +1.2 L, −1.3 V), or 4 mm dorsal to the VTA for the PR experiments. Rats received post-surgical antibiotic and analgesic and recovered for 3 days prior to training.
Microdialysis
Microdialysis probes were perfused (0.8 μL/min) with sterile artificial cerebrospinal fluid (148 mM NaCl; 2.7 mM KCl; 1.2 mM CaCl 2 ; 0.85 mM MgCl 2 ; pH 7.4). Samples were collected every 20 min and analyzed for DA by highperformance liquid chromatography with electrochemical detection (BAS, West Lafayette, IN). At least six baseline samples were collected, followed by an intra-VTA infusion of vehicle or 0.5 nmol HCRT-1 (250 nl over 2 min). Forty minutes after the infusion, rats received a single i.p. injection of 10 mg/kg cocaine. These studies used i.p cocaine injections to compare to an extensive microdialysis literature using i.p. cocaine delivery as the standard administration route. Dialysate samples were subsequently collected every 20 min for 2 h. To account for the time required for analytes to exit sampling lines, data was shifted by 20 min.
High-performance liquid chromatography
The HPLC (Bionalytical Systems, Mt. Vernon, IN) consisted of a syringe pump, a glassy carbon working electrode, a reference electrode, and an electrochemical detector. A 2×50 mm (3 μm particle) reverse-phase column (Luna, Phenomenex, Torrance, CA) was used to separate compounds. The applied potential was +650 mV as referenced to an Ag/AgCl electrode. The mobile phase (75 mM NaH 2 PO 4 , 1.7 mM 1-octanesulfonic acid sodium salt, 100 μL/L triethylamine, 25 μM EDTA, 10% acetonitrile v/v, pH=3.0) was pumped at a rate of 170 μL/min, with a detection limit for DA of 10 pM. DA quantification was achieved by comparing dialysate samples with DA standards of known concentration.
In vivo voltammetry
Voltammetry studies were conducted to provide a detailed examination of pharmacologically induced changes in DA release and uptake following intra-VTA HCRT-1 treatment. Urethane-anesthetized rats were used to avoid potential interference from behavioral factors and to avoid alterations in DA uptake kinetics that can occur when using other anesthetics (Greco and Garris 2003) . Importantly, the effects of DA uptake inhibitors, such as cocaine, are similar in both freely moving and urethane-anesthetized rats (Greco and Garris 2003; Wightman et al. 2007) . Following surgery, a stimulating electrode was lowered into the VTA and the carbon fiber electrode was lowered into the caudate putamen (+1.3 A, +1.3 L, −4.5 V), until a 1 s, 60 Hz, 4 ms monophasic (120 μA) stimulation train elicited a robust DA signal. The caudate putamen exhibits higher levels of DA release and faster uptake (∼4 μM/s) than the NAc core (Jones et al. 1995; Kuczenski et al. 1991; Wu et al. 2001) and thus it is a useful region to maximize recording conditions. Once stimulator and carbon fiber electrode locations achieved adequate levels of release in the caudate putamen, the carbon fiber electrode was lowered 2-2.5 mm further into the area of the NAc core, which yields lower DA release levels and slower DA uptake (∼2.5 μM/s). Once stable baselines were established in the NAc core, a 33-ga infusion needle (Plastics One), containing vehicle (artificial extracellular fluid-AECF; 147 mM NaCl, 1.3 mM CaCl 2 , 0.9 mM MgCl 2 , 2.5 mM KCl, 5.0 mM NaH 2 PO 4 ; pH 7.4) or 0.5 nmol HCRT-1 (in vehicle) was inserted into the guide cannula. Infusion needles extended 2.0 mm beyond the cannula tip to the same dorsal/ventral location as the stimulator leads. After a minimum of 5 min, a 250 nl infusion was made over 2 min (125 nl/min) using an infusion pump (Harvard Apparatus, Holliston, MA). Cocaine injections (1.5 mg/kg) were administered as an experimenterdelivered, 2 s, ∼200 μl i.v. bolus, 20 min after infusions of vehicle or HCRT-1.
Given the high temporal resolution obtained with voltammetry techniques, the current studies used i.v. cocaine injections to examine the rapid temporal profile of HCRT-1 effects on baseline and cocaine-induced alterations in DA signaling. Cocaine was delivered 20 min following HCRT-1 based on preliminary data indicating that HCRT-1 consistently increased levels of stimulated DA release within this time frame. Electrically stimulated DA response parameters were acquired 30-s post-cocaine injection, a time in which i.v. cocaine effects on DA signaling have peaked (España et al. 2008) , and every 5 min thereafter.
Data acquisition
The electrode potential was linearly scanned as a triangular waveform from −0.4 to 1.2 V and back to −0.4 V vs Ag/ AgCl during an 8 ms period. Cyclic voltammograms were recorded at the carbon fiber electrode every 100 ms using a scan rate of 400 V/s by means of a voltammeter/ amperometer (Chem-Clamp, Dagan Corporation, MN). The magnitude of electrically evoked DA release and transporter-mediated uptake kinetics, including maximal uptake rate (V max ) and apparent affinity of endogenous DA (K m ) for the DA transporter were monitored. During electrical stimulation, the ascending phase of the DA overflow curve represents both release and uptake while the descending portion of the overflow curves represents primarily uptake. DA overflow curves were fitted to a Michaelis-Menten-based kinetic model (Wu et al. 2001) using locally written Labview (National Instruments, Austin, TX)-based software (Demon Voltammetry and Analysis Software, Wake Forest University Health Sciences 2010) to obtain independent measures for DA release and uptake. Changes in release and uptake were obtained by setting baseline K m values (prior to any drug treatment) to 0.16 μM and establishing a baseline V max individually for each subject. Following cocaine injection, V max was held constant for the remainder of the experiment and thus cocaine-induced changes in uptake are attributable to changes in apparent K m . Extracellular concentrations of DA were assessed by comparing the current at the peak oxidation potential for DA in consecutive voltammograms with electrode calibrations of known concentrations of DA (1-10 μM).
Self-administration
Cocaine self-administration procedures have been described previously (McGregor et al. 1996; Roberts et al. 2002; Roberts and Goeders 1989) . Rats were individually housed and trained to self-administer cocaine on a FR schedule in which single lever responses resulted in single cocaine injections. Lever responses resulted in delivery of 0.75 mg/kg cocaine (in saline; National Institute on Drug Abuse Bethesda, MD) over a 5-s period followed by a 20-s time-out period. FR training sessions were terminated after 20 injections. After establishment of stable cocaine intake (defined as 20 injections taken within 3 h with no inter-infusion intervals exceeding 20 min, for three to four consecutive sessions), rats were switched to a DT or PR self-administration schedule for additional training or tested with HCRT-1 on a 3 h unlimited access FR schedule.
The FR schedule is known to engender stable rates of cocaine-reinforced responding and thus it is often the initial self-administration approach to investigate the effects of a pharmacological treatment (LeSage et al. 1999) . Rats were given 3-h access to cocaine-associated levers (0.75 mg/kg, i.v.). On experimental days, rats were treated with vehicle or 0.5 nmol HCRT-1 into the lateral ventricle 15 min prior to the beginning of the FR session (9:30 a.m.). Rats were randomly assigned to receive either vehicle or HCRT-1 on the first experimental session and then received the opposite treatment on the following testing day, with a minimum of 3 days between treatments.
The DT procedure used herein is an extension of an FR schedule that allows 24 h access to cocaine but limits the number of injections an animal can receive each hour. During the DT session, rats had the opportunity to selfadminister 1.5 mg/kg cocaine during 10-min trials initiated at 20-min intervals (three trials per hour, 24 h/day). Trials began with the presentation of a cocaine-associated lever and were terminated once the rat depressed the lever, or after 10 min. On experimental days, rats were treated with vehicle or 0.5-nmol HCRT-1 at lights on (3:00 p.m.). These dosing, time, and limited access conditions were chosen because they produce a robust diurnal pattern of selfadministration that allows for optimal sensitivity for measuring the effectiveness of agents that increase cocaine self-administration (Brebner et al. 1999; Roberts et al. 2002) . Rats were randomly assigned to receive either vehicle or HCRT-1 on the first experimental session and then received the opposite treatment on the following testing day, with a minimum of 3 days between treatments.
The PR schedule is useful for assessing the reinforcing effects of cocaine. Rats were given access to a response lever at 10:00 a.m. and single cocaine injections were contingent upon an increasing number of responses: 1, 2, 4, 6, 9, 12, 15, 20, 25, 32, 40, 50, 62, 77, 95, 118, 145, 178, 219, 268, 328, 402, 492, 603 (Richardson and Roberts 1996) . When the required number of responses was made, a single 0.75 mg/kg cocaine injection was delivered and the session was terminated after 6 h. This dose of cocaine was chosen for the PR studies because it is relatively sensitive to pharmacological manipulations that either decrease or increase cocaine self-administration, thus it is a useful dose for testing the effects of HCRT-1. The number of injections taken before a 1-h time period elapsed with no further injections taken was defined as the "break-point". Rats were treated either unilaterally or bilaterally with 250 nl (125 nl/min) of vehicle or 0.5-nmol HCRT into the VTA 20 min prior to the beginning of the PR session (9:30 a.m.). Rats were randomly assigned to receive either vehicle or HCRT-1 on the first experimental session and then received the opposite treatment on the following testing day, with a minimum of 3 days between treatments.
For the FR, DT, and PR experiments 33-ga infusion needles were loaded with vehicle or 0.5-nmol HCRT-1 and then inserted into the guide cannulae. Infusions were conducted using a microprocessor-controlled infusion pump (Harvard Apparatus), and following completion of the infusion, needles were removed. Needles used for the FR and DT infusions into the lateral ventricles extended 2 mm beyond the cannula tip, whereas intra-VTA infusions in the PR studies extended 4 mm beyond the cannula.
Histology
Rats were anesthetized with ketamine (100 mg/kg) and xylazine (10 mg/kg) and 0.5% Chicago Blue Dye (SigmaAldrich Inc, St. Louis, MO) was microinjected (1 μl) into the lateral ventricle or (250 nl) into the VTA. Rats were perfused transcardially with 60 ml 0.9% saline followed by 60 ml of 10% formalin (pH 7.0; Sigma-Aldrich Inc), and brains were removed and cryoprotected in 30% sucrose solution (in 0.01 M phosphate buffer, pH 7.4). Microdialysis probe (Fig. 1b) and carbon fiber microelectrode (Fig. 2e ) locations within the NAc core, as well as microinfusion needle entry/locations within the lateral ventricle or the VTA (Figs. 1c and 2f for infusions into the VTA) were verified from 40 μm thick sections examined with a Nikon Eclipse C1 microscope (Nikon Instruments Inc., Melville, NY). Carbon fiber locations were reconstructed by combining the visual verification of electrode locations obtained using standard histology techniques, the known coordinates to which the electrode was lowered into the brain, and the unique profile of DA dynamics from the final recording location . A total of seven animals were removed from the microdialysis (n=3) and voltammetry studies (n=4) and all analyses due to incorrect placements of infusion needles.
Data analysis and statistics
Microdialysis Data was calculated as the percent change from baseline, with baseline (100%) defined as the average of three samples that occurred prior to the injection of drug or vehicle. The effects of HCRT-1 on cocaine-induced increases in extracellular DA within the NAc core were assessed using a two-way mixed design analysis of variance (ANOVA) with drug (vehicle vs. HCRT-1) as the between subjects variable and time as the repeated measures variable. Simple effect analyses were conducted to compare extracellular DA levels between groups using t tests.
In vivo voltammetry Stimulated DA release was calculated as the percent change from baseline, with baseline (100%) defined as the average of three samples that occurred prior to the injection of cocaine. Changes in maximal uptake rate following HCRT-1 were expressed as V max and changes in uptake inhibition following cocaine were expressed as apparent K m . DA release and uptake measures were derived from a Michaelis-Menten-based model (Wu et al. 2001) . The effects of HCRT-1 on V max were assessed using a t test comparing V max prior to infusion and V max 20 min later, immediately prior to cocaine injection (BL vs. pre cocaine). The effects of HCRT-1 on DA release and cocaine-induced uptake inhibition (apparent K m ) were assessed using a twoway mixed design ANOVA with drug (vehicle vs. HCRT-1) as the between subjects variable and time as the repeated measures variable. Where appropriate, simple effect analyses were conducted using t tests.
Cocaine self-administration Self-administration data for the FR studies FR studies was expressed as the rate of cocaine injections taken per hour. For the DT studies, data was expressed as the total number of injections taken during the 6 h following vehicle or HCRT-1. For the PR studies, data were expressed as break-points (total number of cocaine injections taken) and total number of lever responses made during the session. The number of lever responses was log transformed to account for non-normality and unequal variance of scores. No statistical differences were observed between unilateral and bilateral intra-VTA of vehicle, thus these data were pooled for figure presentation (Fig. 4a) but not for statistical analyses. Vehicle and HCRT-1 data were compared with the previous 3 days of baseline responding. The effects obtained from the DT studies were assessed using a t test. The PR studies were analyzed using a one-way repeated measures ANOVA for the bilateral experiments and using a one-way between subjects ANOVA for the unilateral studies (vehicle vs HCRT-1). All statistical analyses were conducted using SPSS (SPSS Inc, Chicago, IL).
Results
Microdialysis
The effects of HCRT-1 on tonic DA signaling in the NAc core were assessed using microdialysis. Rats were pretreated with intra-VTA infusions of vehicle (n=6) or HCRT-1 (0.5 nmol; n=6) 20 min prior to receiving an i.p. injection of 10 mg/kg cocaine. Similar to that reported previously (Vittoz and Berridge 2006) neither vehicle nor HCRT-1 had a significant effect on baseline DA levels (Fig. 1a) . Following cocaine injection, vehicle-treated rats displayed typical increases in DA, however, HCRT-1 (0.5 nmol) augmented cocaine-induced increases in DA (Treatment F (1, 12 
Voltammetry
The effects of intra-VTA HCRT-1 on phasic DA signaling were examined using in vivo voltammetry. Rats received vehicle (n=10) or 0.5-nmol HCRT-1 (n=7) directly into the VTA 20 min prior to receiving a single i.v. injection of 1.5 mg/kg cocaine. As shown in Fig. 2 , electrically evoked DA responses were stable prior to pharmacological manipulation and following vehicle infusions (250 nl) into VTA, remained at baseline levels. HCRT-1 alone had no effect on V max or K m , however, over the 20 min following infusion, HCRT-1 produced a significant increase in stimulated DA release (∼111-135% of vehicle control; treatment×time F (1, 15) =12.1, P<0.01; Fig. 2a) .
HCRT-1 also increased the effects of i.v. cocaine on stimulated DA release (treatment F (1, 15) =11.3, P<0.01; time F (17, 255) =28.9, P<0.001; treatment×time F (17, 255) = 3.6, P<0.001). Following vehicle pretreatment, 1.5 mg/kg i.v. cocaine increased DA levels to 167±16% within 5 min of injection (Fig. 2a, c) . In contrast, following HCRT-1 infusions, cocaine increased levels to 223±22% during this time frame (Fig. 2a, d) .
A similar effect of HCRT-1 was also observed on cocaine-induced inhibition of DA uptake (apparent K m , treatment F (1, 15) =7.7, P<0.05; time F (17, 255) =66.1, P< 0.001; treatment×time F (17, 255) =5.4, P<0.001). Prior to cocaine administration, neither vehicle nor HCRT-1 infusions into the VTA had any effect on DA uptake (Fig. 2b) . Although i.v. cocaine (1.5 mg/kg) inhibited DA uptake in animals pretreated with either vehicle or HCRT-1, the magnitude of inhibition was significantly higher in animals treated with HCRT-1 (vehicle, 975±138%; HCRT-1, 1,360±193%; Fig. 2b-d) . Figures 2e, f show schematic representations of carbon fiber microelectrode tip locations in the NAc core and infusion needle locations in the VTA, respectively.
FR cocaine self-administration
To examine the extent to which HCRT-1 alters responding for unrestricted access to 0.75 mg/kg cocaine, animals were treated with vehicle (n=5) or HCRT-1 (0.5 nmol, n=5) into the lateral ventricles 15 min prior to the beginning of the FR session. Infusions were made into the lateral ventricles to obtain a global effect of HCRT-1 to better compare with previous reports ). Similar to that described previously (Boutrel et al. 2005) , no differences in rates of drug responding were observed between vehicle and HCRT-1 treated animals (Fig. 3) .
DT cocaine self-administration
To examine whether HCRT-1 alters responding for cocaine (1.5 mg/kg) under a restricted access condition, rats were tested under a DT schedule of reinforcement. Rats were treated with vehicle (n=6) or HCRT-1 (0.5 nmol; n=7) into the lateral ventricles during a time in which rats show low probability of responding for cocaine (3:00 p.m.). Infusions were made into the lateral ventricles to obtain a global effect of HCRT-1 to better compare with previous reports . Responding on the DT schedule was characterized by low rates of cocaine intake during the rest/ light phase of the light/dark cycle (Fig. 4a) . As shown in Figs. 4a, b, relative to vehicle (2.8±0.4), HCRT-1 produced a moderate, yet significant increase in cocaine intake (6.9± 1.4) over the 6 h following treatment (F (1, 12) =6.4, P< 0.05).
PR cocaine self-administration
To further examine the extent to which HCRT-1 increases the reinforcing effects of cocaine (0.75 mg/kg), rats were treated with unilateral intra-VTA vehicle (n=5) or HCRT-1 (0.5 nmol; n=5) or bilateral intra-VTA vehicle (n=6) or HCRT-1 (0.5 nmol; n=6), 20 min prior to the beginning of a PR session (9:40 a.m.). Intra-VTA infusions we used in these studies to better compare with previous reports and to examine the importance of HCRT signaling within the VTA . As shown in Fig. 5a , unilateral infusions of HCRT-1 did not significantly increase breakpoints (13.6±1.9) or the number of lever responses (480.6± 234.2) relative to vehicle (break-points-12.8±1.3; lever responses-297.0±95.6). In contrast, bilateral infusions of HCRT-1 produced a significant increase in break-points (15.5±1.4, F (1, 5) =12.3, P<0.05) and the number of lever responses (638.0±201.0, F (1, 5) =14.1, P<0.05) relative to vehicle (break-points-13.2±0.9; lever responses-323.8± 68.96).
Analysis of cumulative records from individual rats tested under the PR schedule indicated that HCRT-1 increased break-points without altering the initial pattern (first 1 h) of cocaine intake. Rats treated with HCRT-1 showed initial response rates identical to vehicle-treated rats, yet completed more responses before reaching their final break-point (Fig. 5b) . Figure 5c shows a schematic representation of infusion needle locations within the VTA.
Discussion
The current observations indicate that increased HCRT signaling in the VTA enhances baseline and cocaine- Vertical tick marks represent trials in which a 1.5 mg/kg cocaine injection was taken. In this case, the rat received either a vehicle (white arrow) or 0.5 nmol HCRT-1 infusion (black arrow) into the lateral ventrical at 3:00 p.m., a time during which rats typically discontinue taking cocaine. b Shown are the mean ± SEM number of cocaine injections taken over the 6 h period following infusion of vehicle (n=6) or 0.5 nmol HCRT-1 (n=7). *P<0.05 relative to vehicle induced DA responses within the NAc core and promotes cocaine self-administration under conditions that require effortful responding or in which cocaine access is limited.
Together with previous work indicating that compromised HCRT activity disrupts behavioral and neurochemical responses to cocaine, the present observations provide further support for the hypothesis that HCRT participates in reinforcement processes via modulation of the mesolimbic DA system.
Dopamine signaling
Previous observations indicate that peripheral and intra-VTA blockade of HCRT-1 receptors disrupts baseline DA signaling and reduces DA responses to cocaine . The current experiments extend these observations by demonstrating that enhanced HCRT neurotransmission facilitates DA signaling in response to cocaine. Microdialysis experiments indicate that intra-VTA infusions of HCRT-1 significantly increased tonic DA responses to cocaine although no effects on baseline DA levels were observed. The lack of effect on baseline DA activity is in line with previous work demonstrating that HCRT-1 increases DA levels in the prefrontal cortex and NAc shell, but not the core (Vittoz et al. 2008; Vittoz and Berridge 2006) . Consistent with these observations, intra-VTA injections of HCRT-1 produced a twofold greater Fos activation in VTA DA neurons that project to the NAc shell, when compared with the core. While the functional consequences of these differences are unknown, future studies will need to compare the effects of HCRT agents on cocaine-induced DA responses across regions in the striatum. Our previous work demonstrated that intact HCRT neurotransmission is necessary to support normal DA responses to cocaine . In those studies, intra-VTA infusions of SB-334867 reduced baseline DA activity and attenuated the effects cocaine on DA uptake and evoked DA release. Additionally, HCRT knockout mice showed disrupted DA signaling, with reduced DA uptake rates under baseline conditions and attenuated cocaine-induced increases in DA release and uptake. Consistent with these observations, the current in vivo voltammetry studies indicate an enhancement of DA responsivity following HCRT-1 administration. Intra-VTA HCRT-1 significantly increased electrically evoked DA release in the NAc core under baseline conditions, prior to cocaine administration, and also augmented the effects of cocaine on both evoked DA release and uptake inhibition.
Break-points Responses
Time ( The effects of enhanced HCRT neurotransmission on DA signaling and cocaine effects are likely due to increased DA neuron activity in the VTA. Previous work demonstrates that HCRTs increase both burst and tonic firing of DA neurons (Korotkova et al. 2003) and increase DA release in the brain (Narita et al. 2006; Vittoz and Berridge 2006) . Cocaine-induced increases in DA are dependent upon impulse flow from the cell body regions, and thus, it is likely that alterations in the activity of DA neurons could result in augmented responses to cocaine. This hypothesis is strengthened by work indicating that HCRT promotes excitatory synaptic transmission in DA neurons via trafficking of NMDA receptors (Borgland et al. 2006) , and potentiates the effects of glutamate in animals with a history of cocaine self-administration (Borgland et al. 2009 ). Furthermore, recent observations indicate that in addition to blocking DA reuptake, cocaine also increases the incidence or magnitude of DA release events in the NAc shell (Aragona et al. 2008) , and stimulates glutamate release in the VTA of cocaine-experienced rats (Wise et al. 2008 ). These observations suggest that the enhanced effects of cocaine observed in rats treated with HCRT-1 could be associated with enhancement of DA signaling within the VTA and that these actions may involve HCRTinduced potentiation of glutamatergic synaptic transmission in the VTA. Alternatively, it is possible that HCRT-induced increases in DA firing rates could lead to changes in the state of DA terminals in the NAc, (e.g., via phosphorylation or glycosylation of the DA transporter) which could result in altered transporter function that ultimately increases cocaine's effectiveness (Foster et al. 2008; Li et al. 2004; Mortensen et al. 2008 ).
Cocaine self-administration
In the current studies, rats were tested under three selfadministration schedules that model different aspects of reinforcement processing. Under the FR schedule, which is useful for assessing changes in cocaine consumption, rats had unrestricted access to cocaine and thus were able to attain preferred blood levels of cocaine. Similar to a previous report (Boutrel et al. 2005) , HCRT-1 had no effect on cocaine intake under this schedule, suggesting that the HCRT system may not influence cocaine selfadministration when conditions allow for effortless access to cocaine.
In contrast to that seen under the FR studies, HCRT-1 increased cocaine intake when access to cocaine was restricted in the DT studies. Under the DT schedule used here, cocaine intake was limited by restricting cocaine access to three trials per hour. With this restricted access, rats are unable to maximize their blood levels of cocaine and are thus disinclined to self-administer cocaine during the light phase (Roberts et al. 2002) . The interaction between cocaine availability and dose in the current DT paradigm renders this schedule more vulnerable to pharmacological and physiological influences than schedules with less restricted access to cocaine. Under these conditions, HCRT-1 infusions into the lateral ventricles significantly increased cocaine intake over the 6 h following infusion. These effects complement our previous work demonstrating that systemic blockade of HCRT 1 receptors significantly reduces cocaine intake under the DT paradigm .
The PR schedule used here is useful for assessing changes in the motivational influences of drugs. During the early portions of the PR session, single cocaine injections are obtained with relatively low effort, however, as the lever response requirement is increased, rats must exert progressively greater effort to obtain a single cocaine injection. Under these conditions, bilateral intra-VTA HCRT-1 infusions increased break-points without altering the initial pattern of behavior. These effects are consistent with previous observations indicating that both i.p. (Borgland et al. 2009 ), and intra-VTA ) blockade of HCRT 1 receptors reduces PR responding for cocaine. However, a previous study demonstrated that 1.5-nmol HCRT-1 infusions into the lateral ventricle did not alter PR responding (Boutrel et al. 2005) . The reasons for these discrepant findings are unclear, however, it is possible that differences in HCRT-1 doses (0.5 vs. 1.5 nmol) or site of infusion (intra-VTA vs. lateral ventricle) may affect behavioral responses to cocaine on the PR schedule.
Relation to previous studies The current observations are consistent with an emerging literature indicating that the HCRT system regulates the reinforcing effects of cocaine. In particular, it has been shown that blockade of HCRT 1 receptors blocks reinstatement of cocaine seeking (Aston- Boutrel et al. 2005; Harris et al. 2005; Smith et al. 2009 Smith et al. , 2010 , decreases behavioral sensitization to cocaine (Borgland et al. 2006) , and reduces the motivation to self-administer cocaine across multiple self-administration procedures (Borgland et al. 2009; España et al. 2010) . Additionally, it appears that HCRT regulation of cocaine reinforcement processes involves actions within the VTA. For example, HCRT increases firing of DA neurons in the VTA and regulates cocaine-induced changes in glutamate-mediated excitatory drive of DA neurons (Borgland et al. 2009; Korotkova et al. 2003) . Additionally, blockade of HCRT 1 receptors in the VTA attenuates cocaine-induced increases in both tonic and phasic DA activity in the NAc ). While the current data extend these observations by demonstrating that HCRT-1 augments cocaine self-administration and enhances the effects of cocaine on DA signaling, it is important to note that HCRT-1 binds to both HCRT 1 and HCRT 2 receptors with equal affinity (Sakurai et al. 1998 ). Thus, although previous studies using SB-334867 indicate that signaling at HCRT 1 receptors in the VTA is important in regulating reinforcing properties of cocaine, the current studies do not distinguish between HCRT-1 actions at HCRT 1 or HCRT 2 receptors.
HCRT and arousal
Extensive evidence indicates that HCRT regulates arousalrelated processes, including sleep/wake function and locomotor activity (Hagan et al. 1999; Bourgin et al. 2000; Piper et al. 2000; España et al. 2001 España et al. , 2002 . Thus, it is possible that the HCRT system influences cocaine selfadministration, by producing generalized enhancements in arousal in addition to any direct actions on reinforcement mechanisms. This is particularly the case for the current DT experiments in which rats were treated with HCRT-1 at a time when rats normally reduce their cocaine intake (immediately before lights on). Under these conditions, HCRT-1 increased the number of cocaine injections taken over a 6 h period by prolonging self-administration behavior. While these effects may be associated with HCRT-1 induced increased in waking/locomotor activity, the time-course of these actions do not exactly match the time-course of increased cocaine intake. For example, HCRT-1 at doses higher than used here increases active waking and locomotor activity for ∼1.5 h before animals return to baseline levels (España et al. 2001) . However, in the DT studies, HCRT-induced increases in cocaine intake lasted for 3-6 h.
For the FR and PR studies, rats were treated with HCRT-1 during the dark-phase, a time in which control animals exhibit near-maximal waking. Thus, under these conditions, HCRT-1 effects on waking would be negligible and thus it is unlikely that increases in self-administration would be related entirely to alterations in waking per se. Nevertheless, HCRT-1 significantly increases locomotor activity during the dark-phase, and thus HCRT-1 could still alter cocaine self-administration via alterations in locomotor activity. However, in the FR studies and in the early portions of the PR experiments, conditions in which maintaining preferred blood levels of cocaine requires relatively low effort, HCRT-1 had no effect on the rate of cocaine intake, suggesting that rats did not display nonspecific locomotor-related responding. Further, in the PR experiments, rats were treated with HCRT-1 directly into the VTA, which produces only modest, short-lived (<1 h) increases in waking and locomotor activity (Vittoz and Berridge 2006) . In the present studies the effects of HCRT-1 on PR self-administration continued into the second and third hours of the PR session, again suggesting that the time-course of increased cocaine intake does not exactly match the time-course of waking and locomotor effects. Given these observations, it is unlikely that the pharmacological effects of HCRT-1 on self-administration can be solely explained by generalized HCRT-1 effects on waking and locomotor activity. Nevertheless, given that the complex interaction between processes that govern reward, motivation, and reinforcement are likely to be sensitive to alterations in generalized arousal, the contribution of HCRT-1 enhancement of arousal, waking, and locomotor activity to changes in cocaine self-administration cannot be entirely ruled out (Berridge et al. 2010 ).
Conclusions
The current studies demonstrate that increased HCRT neurotransmission within the VTA enhances the effects of cocaine on DA signaling in the NAc. These studies also indicate that enhanced HCRT signaling augments the reinforcing effects of cocaine. These data are consistent with previous work demonstrating that disrupted HCRT signaling results in decreased DA activity in the NAc and reductions in cocaine self-administration behavior. When taken together, these observations provide strong evidence in support of the hypothesis that the HCRT system is involved in reward and reinforcement processes, particularly as it relates to cocaine, through actions on the VTA-mesolimbic DA system.
